This article introduces a set of mathematical and computational tools for use with a quartz crystal microbalance (QCM) to aid in experimental planning and data interpretation. The optimisation tools are based on a metric we term the total parameter matrix sensitivity (TPM-sensitivity). TPM-sensitivity is defined mathematically as the Jacobian determinant of a QCM's responses (e.g., frequency change or dissipation/ bandwidth change for a given harmonic) with respect to changes in the physical properties of a soft film and surrounding solution (e.g., density or viscosity). Large TPM-sensitivity values denote conditions where the sensor responses are not only large but also allow the selected unknown physical properties to be mathematically decoupled. In some cases, the viscoelastic properties of an adlayer can be determined using only frequency responses. We validated this method using experimentally obtained data of an ageing adlayer of the enzyme bilirubin oxidase from Myrothecium verrucaria. Fits to these measurements produced more realistic film parameters when responses, including frequency-only combinations, were selected to maximise TPM sensitivity. We provide documented MATLAB code with a graphical user interface to enable other QCM users to employ this analysis. The current software can be applied to any single, homogeneous adlayer that obeys a Kelvin-Voigt viscoelastic model and sits under a semi-infinite Newtonian fluid. Only initial estimates of the film values are required, with the analysis providing guidance and predictions, allowing users to create testable hypothesis and determine the physical changes on the surface rather than have pre-existing values for them.
Introduction
The quartz crystal microbalance (QCM) is an analytical instrument that uses a resonating sensor to acoustically probe the volume near its surface, typically including the adsorbed film and a portion of the bulk medium. The QCM technique was first used in the gas phase as a simple mass sensor in the 1950s and then in the liquid phase in the 1980s, thus expanding the number of available applications to include biotechnological and, in particular, biosensor applications. [1] [2] [3] The QCM measures changes in the resonance frequency of a shear oscillation for a piezoelectric material. For thin, rigid, uniform films in the gas or liquid phase an increase in areal mass density (mass per unit area) is directly proportional to a drop in resonance frequency (Δf ) and is sensitive to mass changes in the range of 1 ng cm −2 . 2, 4, 5 This relationship is formalised in the Sauerbrey equation. 3 Many QCM systems are capable of measuring multiple overtone responses in rapid succession; these overtones are limited to odd numbers as only these can be electronically induced. 4 Some modern QCM systems are also capable of quantifying the physical influence of a non-rigid, viscoelastic adlayer on a sensor's oscillation. Currently there are three measurements that can quantify the damping effect of a soft adlayer: energy dissipation, resonance bandwidth and motional resistance. These measurements in conjunction with the frequency response are typically reported as values relative to an unloaded sensor. Dissipation is defined as the loss of energy per oscillation divided by the total amount of energy stored by the crystal. It is measured by recording how rapidly the response of the freely oscillating sensor decays. Q-Sense's quartz crystal microbalances with dissipation monitoring (QCM-D) are based on this method. 6 A typical ringdown will be 99% complete in about 0.5 ms for a 5 MHz sensor operating in water. The ringdown time will be faster for surfaces with soft adlayers. A faster decay equates to a higher dissipation value. 7 This change in dissipation (Δd ) relates to how readily an adlayer elastically deforms when the crystal shears (its elastic modulus) and how much the films resists deformation (its viscosity). Due to this measure of film softness, in addition to real-time, non-destructive testing in situ, the QCM(-D) has been used to investigate the interactions of proteins, and non-intuitive responses from various materials have also been highlighted, 26 with work being done to create more accurate models to capture these behaviours. Examples include models to determine viscoelastic properties of homogeneous 33 and laterally inhomogeneous 34 films, accounting for rocking motion of particles, 35 roughness effects 36 and variability of the sensitivity of the sensor, 37, 38 with others providing detailed analysis of specific films. 8 Resonance bandwidth is a parameter which is derived from electrical impedance analysis of the quartz resonator. 39 It is equal to the product of dissipation and frequency, and so the methods developed in this paper can be readily applied instruments that measuring bandwidth rather than dissipation, such as MicroVacuum's QCM-I and KSV's QCM-Z500. 4 Motional resistance is a parameter derived from an electromechanical equivalent circuit, and used in Inficon's RQCM and SRS's QCM200. 40 It is closely related to dissipation and provides similar insights into a film's viscoelastic properties.
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Unlike dissipation, which periodically stops the crystal oscillation, motional resistance can be continually measured for a given resonance frequency. However, motional resistance is not strictly proportional to the rate of energy loss and is more readily affected by calibration problems. 40 The analysis presented here focuses on the dissipation measurement rather than those of motional resistance. Applying QCM analyses to viscoelastic films is still problematic because of the difficulty in interpreting of the resonator response generated by the interaction between the resonating sensor, the soft adlayer and any viscous fluid surrounding it. 'Soft' films on a QCM-D are often defined as having a Δd value above an arbitrary threshold such as 1 ppm. Once Δd is deemed significant, changes to the resonant frequency can no longer be consider equivalent to changes in adsorbed mass and mathematical models are required to quantify the changes to the adlayer on the surrounding fluid. As shown later, the dissipation response to changes in viscosity and shear for soft layers is non-linear, frequently non-monotonic, and dependent on measurement frequency.
The relationship between Δd and an adlayer's properties is also often non-intuitive. For example, one might expect an increasing Δd response to be associated with a film that is becoming less elastic (i.e., a decreasing shear modulus). However, at certain points the opposite is true, with a decrease in the shear modulus yielding a decrease in the Δd response (see Theory). Other combinations of shear and viscosity changes can yield no dissipation response and so remain undetected with others yielding responses in which the shear and viscosity changes are mathematically inseparable. This is further complicated by these areas of responses being specific for each film and having no easily generalisable rule.
This paper introduces a metric called the total parameter matrix sensitivity (TPM-sensitivity) to aid in extracting materials parameters from QCM data from soft films. The TPM-sensitivity value is calculated as the Jacobian determinant of the QCM-D's frequency and dissipation responses with respect to changes in the physical properties of the film and surrounding bulk fluid. Maps of TPM-sensitivity show areas where combinations of QCM responses will give the greatest responses as well as which combinations of measurements will result in the physical parameters being individually mathematically separable. This can be used to pre-test experimental conditions so that the QCM-D can be optimised to detect changes in specified physical parameters.
We have implemented the TPM-sensitivity calculation in MATLAB and packaged it with other functions to model QCM-D responses. The software outputs when a combination of physical parameters produces a Sauerbrey-type response and where the QCM-D response depends on the viscoelastic properties of the film. This also allows for experimental planning and 'pretesting' of experimental conditions to guide a user's selection of harmonics. Pre-planning which responses to record can also improve the time resolution of the experiment without sacrificing measurement precision. The preplanning also aids in equipment selection: we present an experimentally validated example in which no dissipation responses are required to determine film viscosity and shear modulus, suggesting that a QCM-D is not always required for soft adlayer analysis.
Our overall aim here to provide a general and extensible analysis tool to aid others to continue to use this technique in ever more complex systems and further the techniques development. Other software is already available for fitting experimental results to a model, for example Q-Sense has developed QTools which is capable of calculating the parameter values based upon QCM-D data. Our functions, in contrast, simulate a response specific to a user's requirements and so have a predictive element and can be used as an experimental planning and response visualisation tool. This makes use of complimentary modelling software such as QTools or Dfind more straightforward as it allows for visualisation of the broad mathematical framework to which the software is working.
This should allow users to more easily choose between multiple solutions offered by secondary modelling software and so calculate comparable parameter values in addition to being able to generate testable hypotheses.
Theory
The model presented here regards the quartz crystal as a harmonic oscillator fully covered by a single acoustically homogeneous viscoelastic film, which is turn is submerged beneath a semi-infinite bulk fluid (Fig. 1) . The adlayer is modelled as a Kelvin-Voigt material and as such is regarded here as having a purely viscous damper and purely elastic spring in parallel. The TPM-sensitivity metric does not require the use of this viscoelastic model, but implements it because the theoretical QCM-D responses for such a system have previously been derived by Voinova et al. and Rodahl and Kasemo. 42, 43 The Kelvin-Voigt model is comprehensive enough to account for the viscoelastic responses of an absorbed film and is more applicable to viscoelastic materials which conserve their shape and do not flow, in contrast to the Maxwell model, which is usually applied to more liquid-like materials. 44 The 'no-slip' boundary condition where the shear stress and displacement is continuous across the quartz-film interface is presumed within this model. 43 The equations from Voinova and coworkers were implemented in MATLAB and shown to generate shear and viscosity response surface plots matching those presented in the paper (Fig. S1 , ESI †). 43 These equations were used to create the frequency and dissipation response surfaces shown in Fig. 2A and B of a hypothetical soft 5 nm adlayer. Changes in the viscosity or shear modulus of the film can be represented as a line connecting two points on the surfaces. Changes in the height of the surfaces equate to changes in the frequency and dissipation responses. In this way an anticipated change in the films properties can be related to experimentally observable responses of Δf and Δd relative to an unloaded sensor under the same fluid. Note that the dissipation initially rises then falls for low viscosity films with a decreasing shear modulus, illustrating the non-intuitive nature of this response. The mathematics of TPM-sensitivity account for how readily changes to physical parameters can be resolved by changes in the QCM-D's response. There are situations where it is impossible to mathematically decouple changes in a film's physical parameters based on measured QCM-D responses. Fig. 2 provides an example of this by presenting the response surfaces for a hypothetical protein adlayer. Although this example illustrates TPM-sensitivity with two parameters to make it easier to visualise, the method is applicable to multidimensional analysis. The z value of any point on Fig. 2A or B shows the frequency and dissipation shifts respectively upon loading an adlayer with the shear and viscosity values indicated, these responses being relative to an unloaded sensor under the bulk fluid. Two films which differ only in their viscosity and shear moduli values are labelled as O and P for orthogonal and parallel, respectively. The blue arrows show the direction of the greatest change in frequency with changes in the film's viscosity and shear modulus (i.e., its frequency gradient). The red arrows show the same for the dissipation response. The ability to mathematically decouple changes in the film's physical parameters is greatest when the angle between the slopes is 90°and decreases to zero when this angle goes to 0°or 180°. In the case with two unknown physical parameters, this leads to three limiting cases where the response vectors are orthogonal, parallel or antiparallel.
In the case of parallel response vectors, both Δf and Δd decrease significantly as the adlayer's viscosity increases but are barely affected by changes in shear modulus. Thus, the system would be completely unable to resolve these two film parameters and would have a TPM-sensitivity near zero. The antiparallel case, not present in the system in Fig. 2 , could occur if the dissipation-response vector pointed in the opposite direction to the frequency-response vector; again, this system would have no sensitivity to the shear modulus and would have a TPM-sensitivity of zero. In the case of orthogonal response vectors, Δf responds primarily to changes in the adlayer's shear modulus and Δd responds primarily to changes to its viscosity. This leads to a high TPM-sensitivity, indicating that these two film parameters can be readily and independently determined from these QCM-D measurements. The TPM-sensitivity is also scaled by the product of the vectors' magnitudes, meaning that a magnitude of zero for either vector will result in a sensitivity of zero; this is effectively the case for very stiff or viscous films.
In the two cases shown in Fig. 2 and discussed above, Δf or Δd is shown as being related to changes in a single physical parameter. It is unusual for each physical parameter to be linked to a single QCM-D response and not required to gain a high TPM-sensitivity score. More commonly, the sensor's responses are linked to the film and bulk parameters in mathematically complicated ways. However, the principle still holds: how precisely the physical parameters can be deconvoluted from the sensor's responses depends on the magnitude and orthogonality of the response vectors to each other.
Mathematically, the frequency and dissipation response vector is formalised as the gradient of the response with respect to the film parameters. TPM-sensitivity is equal to the magnitude of the cross product of these two gradients, which is equal to the magnitude of the determinant of the matrix made up of the gradient vectors (eqn (1)). ).
where the del operator, ∇, gives the gradient with respect to the shear modulus and the viscosity, and μ film and η film are unit vectors along the axes for the film's shear modulus and viscosity, respectively, N is the harmonic number, and θ is the angle between the two response vectors. These equations assume that the film's density and thickness remain constant, as do the surrounding fluid's density and viscosity. If the gradients are being determined based on the logarithm of the film's viscosity and shear modulus, as they are in Fig. 2 , then each partial derivative must be divided by that parameter's value (Section S2 †). A sample response curve that considers the gradients with respect to linear changes in viscosity and shear modulus is presented in the Fig. S2 . † Beyond mathematical limitations, system noise (random error) affects the ability to resolve changes to the system's physical parameters. This is accounted for by dividing each gradient vector by a weighting that represents the level of random error in that measurement. In the models shown, frequency measurements were estimated to have a standard deviation of ±0.053 Hz and dissipation measurements ±2.1 × 10 −2 ppm for all harmonics. In practice, this varies slightly for each harmonic and can be determined by analysing the noise in a baseline response. These averaged errors before and after adlayer formation were the same to two significant figures. Putting in separate error estimates for each harmonic or small variations in the error estimates sometimes resulted in a reordering of the top TPMsensitivity scores. TPM-sensitivity is essentially the magnitude of the Jacobian determinant of the sensor's responses to changes in the system's physical properties (Section S3 †). Therefore, it can be generalised to any number of unknown physical parameters. As in the two-parameter case, a scaling is applied to parameters evaluated on a log scale, and instrumental weightings are applied to each gradient vector. Although these are shown as pairs of responses for given harmonics, this is not a requirement. The number of measurements must equal the number of film parameters being determined. With the exception of fundamental frequency, the MATLAB routine (Section S4 †) also allows for between two and six of the variables (namely, the film's height, density, shear and viscosity, and the bulk fluid's density and viscosity) to vary over independent ranges. TPM-sensitivity will generally decrease as the number of variables is increased. As more variables are added, it becomes increasingly likely that some of the gradient vectors will be nearly parallel or anti-parallel to others, thus reducing sensitivity. The TPM-sensitivity metric can be optimised for a set of physical properties. Every combination of harmonic number, frequency and dissipation can be run to determine the combination that maximises TPM-sensitivity. We have implemented this in MATLAB as the 'combo' function (Section S4.3 †).
Results and discussion
We first demonstrate the application of TPM-sensitivity and some key findings based on a hypothetical protein layer (Fig. 3  and 4) , before validating these findings by analysis of experimentally obtained QCM-D data from a real protein adlayer (Section S5 and Fig. S3 †) . The top two rows of Fig. 3 show the effect of harmonic number on the frequency and dissipation responses for this hypothetical protein in bulk water at 25°C. The film properties are based on those determined for an adlayer formed from ∼64 kDa globular protein molecules. 45 The range of viscosity and shear modulus values are typical of those from a dense protein layer formed at an interface. [46] [47] [48] A large proportion of the frequency response surfaces (Fig. 3, top row) is flat, indicative of a Sauerbrey response, affected only by the adlayer's areal mass density (i.e., thickness multiplied by density). The magnitude of the response increases with harmonic number. (The output in Q-Sense software scales to the frequency response by dividing by harmonic number.) The inflection point at constant viscosity shifts to higher shear moduli with increasing harmonic number. At the low viscosity and shear modulus corner of each frequency response surface is a 'missing mass' region, where the frequency response is lower than predicted by the Sauerbrey equation. 32 This region does not necessarily overlap with where the dissipation response is highest, as noted in the Introduction and Theory. At higher harmonics, the missing mass effect encompasses a greater range of shear and viscosity values than at lower harmonics. On the dissipation surfaces (Fig. 3 , middle row), in contrast, there is little effect of harmonic number on the response. So while the general shape of the frequency and dissipation surfaces are similar for each harmonic, the magnitude and position change. The relative differences in individual response surfaces determines the shape of the TPM-sensitivity surface (Fig. 3 , bottom row) and shifts the position of maximum TPM-sensitivity. Therefore, the ability to use QCM data to resolve a system's properties depends on the choice of responses used to in the fitting.
While Fig. 3 shows TPM-sensitivity plots that are calculated from the pairs of Δf and Δd responses for a single harmonic, other combinations of Δf and Δd responses from mixed harmonic values can provide a much higher overall TPM-sensitivity to changes in an adlayer's properties, particularly when the analysis can be guided by an initial estimate of some the film's unknown properties. This is illustrated in Fig. 4: Fig. 4A shows the same TPM-sensitivity data as the plot from the bottom centre of Fig. 3 , formed from the Δf 7 and Δd 7 responses, but with the vertical range increased five times. Fig. 4B-D show three TPM-sensitivity plots optimised for the values for the shear modulus and viscosity at labelled grid points, and have TPM-sensitivity values that are approximately a half, one and two orders of magnitude higher than that of the Δf 7 and Δd 7 combination (values in Table S1 †).
This increase of the TPM-sensitivity shows that less intuitive selections of harmonics, frequencies and dissipations can yield greater sensitivity towards the parameters under investigation. Also the selection generated for Fig. 4D is significant because it shows that combinations of only frequencies are capable of measuring viscoelastic changes and, in some cases, may be superior in this detection than combinations involving dissipation measurements. This could allow QCMs that do not measure dissipation, bandwidth or motional resistance to be used for viscoelastic monitoring, provided they can measure frequency changes at more than one harmonic.
Guided by an analysis such as this, QCM-D data acquisition can be pre-optimised to monitor changes in the viscoelastic properties of the films absorbed onto its surface. In some cases where recording of multiple harmonics would be carried out, pre-selection of the most sensitive harmonic combinations would also lead to an increased time resolution.
To validate these insights on a real rather than theoretical system, a 64 kDa globular protein, bilirubin oxidase from Myrothecium verrucaria (MvBOx), was adsorbed from a concentrated solution onto a silica-coated QCM-D sensor and allowed to age under flowing buffer (experimental details and complete QCM-D output in Section S5 †). Following this, secondary fitting software (QTools) was used to fit a Voigt model to this data to determine the shear and viscosity values of the adlayer. Without use of the TPM-sensitivity metric, a user would intuitively use all recorded harmonics for fitting, thinking that more data would produce a more representative quantification of the underlying physical system. ‡ In contrast, we use the TPM-sensitivity to select two optimised harmonic sets to fit to using the same dataset. Three of the protein film's properties were estimated (η film = 3. 5 Fits to shear modulus, viscosity and thickness for a real protein layer on a silica-coated QCM-D sensor. From left to right: best fit using all responses from odd harmonics 3-13; TPM-sensitivity optimised selection of harmonics (Δd 3 Δf 5 Δf 13 ); TPM-sensitivity optimised selection using frequency responses only (Δf 3 Δf 7 Δf 13 ). The grey box denotes the thickness range determined by independent measurements on a dual polarisation interferometer. 45 Conditions: MvBOx concentration 14 mg ml −1 , volume of MvBOx addition 25 µl, pump flow rate 0.1 ml min −1 , cell temperature 25°C. Protein injection at 1475 s with adsorption starting at 1536 s. Model parameters same as Fig. 3 . ‡ The fundamental harmonic was excluded from all fitting and modelling because of its sensitivity to mounting effects and consequent anomalous Δf and Δd responses. 44 (3 ≤ N ≤ 13) ‡ or the two optimised subsets using QTools (noise-weighted χ 2 minimisation). Fig. 5 shows the fitting determined shear and viscosity values of the protein film from the experimental data. A comparison of the real and modelled responses for all QCM-D responses based on the fitted film parameters is given in the ESI. † Only fits to the two optimised responses result in values and trends in film thickness that match those observed previously by combining QCM-D with dual polarisation interferometry, 45 namely a film that starts around 5-8 nm thick
and thins with time. In contrast the 'all responses' fit to thickness is comparatively flat, about three times thicker than a protein monolayer and fluctuates between two solutions with similar chi-squared values because additional degrees of freedom are allowed in the fitting (i.e., the solution is overdetermined). Similarly, the viscosity and shear modulus values for the 'all responses' fit produces unrealistic results: a film viscosity just above that of water and dropping (rather than rising) with time, and a shear modulus about an order of magnitude lower than typical values for similar globular proteins. [46] [47] [48] None of the fits exactly match/regenerate the experimental data (Section S7 †), including the fit to all responses N ≥ 3. However, both the selections optimised for high TPM-sensitivity have the same ordering of the overtones as the experimental data, with the 'Δf only' combination giving the best fit to the clustering observed in the Δf responses.
The optimised 'Δf only' response set is noteworthy because it produced the correct trends in the fits to the physical parameters, only deviating by about 2.5× in shear modulus. The results show the first example of where a QCM, without the dissipation or bandwidth measurement capability, can quantify viscoelastic changes, and in this experimental example even provides a more representative assessment of the film ripening process compared to the unguided fit of QCM-D measurements.
Selection of the most appropriate responses to fit to also helps bypass a common problem where the fit oscillates between two solutions with similar goodness-of-fit values but markedly different material properties. This can be avoided by having some foreknowledge of the limits of the physical properties of the system under investigation. For the illustration above, QTools had no limits set and a very wide range of values from which to seed the starting points in order to simulate a user starting with limited-to-zero prior knowledge of the adlayer's properties. Fitting based on responses that give the highest TPM-sensitivity value consistently produces more realistic values for materials properties than an 'all harmonics' fit, even if the initial estimates of film properties are off by two orders of magnitude (Fig. S8 †) . In this way, the TPM-sensitivity metric will be especially valuable in guiding measurements by novice users or on unknown soft films. For more experienced users this information can act as a guide to indicate parameter combinations that are especially difficult to deconvolute and where complementary measurement techniques may be required.
Conclusion
We have provided a new sensitivity metric, built into a MATLAB analysis package, that can be used by a QCM-D user to guide experimental measurements and data analysis. In the regions where the Sauerbrey assumption breaks down, it can indicate which responses are best for detecting viscoelastic changes and, potentially, to increase the time resolution of experiments by only recording mathematically important harmonics. This work described the surprising ability to use only frequency responses to quantify viscoelastic changes in a soft adlayer, something previously thought to be limited to the instruments that measure dissipation, bandwidth or motional resistance. Moreover, this work illustrates the importance of disregarding specific QCM-D responses to provide a valid fit to physical properties. Currently the response for up to six unknown system properties can be determined for a single Kelvin-Voigt adlayer, but the method can be applied to multiple layers and other linear viscoelastic models, though numerical (rather than analytical) methods may be required. 
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